Introduction
It is well known that defects in carbon nanotubes (CNTs) affect the crystalline structure of the graphitic lattice. However, different studies and applications have shown the advantageous effects of specific defects on the electronic and other physical properties of the CNTs [1] [2] [3] . For example, native defects produced during synthesis, such as dangling bonds, vacancies or sp 3 hybridization, promote anchorage of molecules on the CNT walls for functionalization [4] . Other cases include structural defects due to branch or bundle formation that lead to different types of junctions, which are useful in the field of electronics [5, 6] and for composite reinforcement [7] . In the case of extrinsic defects, such as non-carbon atoms, the defects can be incorporated into the CNTs by intercalation, encapsulation or substitution [8] , thus modifying their electronic and physicochemical properties. One of the challenges in this context is the controlled synthesis of defective CNTs. Based on their origin, defects can be classified into induced or produced defects. Induced defects can be tailored by damaging non-defective CNTs, resulting in the formation of new carbon nanostructures. Some of the methods used for incorporation of such damage include the following: i) electron or ion irradiation, which may produce reactive sites on the CNTs walls [9, 10] ; such sites can be joined to form junctions [11] or can lead to the formation of nanolumps [12] ; ii) ion intercalation, with ions such as lithium, which exfoliates the CNTs, resulting in carbon nanoribbons [13] ; and iii) nanoparticle deposition on the external CNTs walls, which produces lumpy nanostructures [14, 15] . In contrast, produced defects mainly originate during synthesis of the nanotubes. In particular, CVD is one of the methods that can be modified to produce defective CNTs by specific modification of parameters, such as solution precursors, temperature, gas flow, deposition time and specific changes in the experimental set up. For instance, the dimensions of compartments in bamboo-shaped CNTs can be modulated by the doping-level [16] [17] , and coalesced CNTs can be produced by changing the solution precursor during microwave-assisted CVD [18] . Junctions can be produced by changing the flow of the carrier gas [19] or simply by switching between different temperatures to cause coalescence of metallic nanoparticles [20] . High temperature combined with high catalyst concentration promotes the agglomeration of carbonaceous and metallic nanoparticles on the CNT surfaces [21] . It has been demonstrated that CNT structures and their novel physical properties are determined by the shape of nanoparticles attached to the walls (nanolumps) [22] or encapsulated in the CNTs [23, 24] .
In this paper, following our previous work [25], we have made a slightly modification to the typical CVD experimental set-up used in the fabrication of well-shaped nitrogen-doped multiwall carbon nanotubes. Instead of using acetone in the bubbler, also called the trap, an aqueous solution of NaCl (26 wt% of NaCl) was employed. This simple substitution can result in damage to the CNxMWNT surface and structure. We believe that the reasons for the observed new defects are likely to be changes in the flow of the gas, which is transporting the mixture of catalyst and carbon precursor. We have found experimental evidence that trace quantities of sodium chloride from the trap have been deposited on the CNxMWNT deposition zone, (see Fig. 1 ), probably affecting the catalytic particles and the overall synthesis process.
Experimental
Nitrogen-doped multiwall carbon nanotubes (CNxMWNTs) were produced by spray pyrolysis using a chemical vapor deposition (CVD) set-up with a tubular furnace configuration (see Fig. 1 ). The aerosol that is generated contains the catalyst, organometallic ferrocene, dissolved at 6 wt % (FeCp 2 -Sigma Aldrich) in an organic solvent, benzylamine (C 7 H 9 N-Sigma Aldrich). Benzylamine was used as the source of carbon and nitrogen, and ferrocene was the source of Fe catalyst in addition to carbon. The solution was nebulized by a pulse-generator and transported using a 2.5 l/min argon flow. The resulting vapor is introduced into the quartz tube and pyrolyzed at 850 °C for 30 min. For CNxMWNTs sample collection, a piece of silicon substrate was placed inside the quartz tube at the middle of the furnace (20 cm from the entrance), where the temperature is more stable. We used a solution of water and NaCl (26.92 wt. %) in the bubbler (red oval enclosed in Fig.  1 ) of the CVD setup for synthesis of the CNxMWNTs. The CNxMWNT sample was extracted from the quartz tube and placed directly in an X ray diffractometer (RX Advance). Afterwards, the substrate was cleaved to obtain a cross-sectional view of the CNxMWNT forest in a FEI XL 30 SFEG Scanning Electron Microscopy (SEM). Then, CNxMWNTs were scrapped from the silicon substrate and characterized by FEI TECNAI F30 high resolution transmission electron microscopy (HRTEM), thermo gravimetric analysis (TGA) and Raman spectroscopy (using a 514 nm laser line). Finally, a piece of substrate (1.0 cm X 0.5 cm) containing a forest of CNxMWNTs was placed in a PPMS (version Evercool) to study the magnetic properties of the CNxMWNTs. For four-point probe resistance measurements, a smaller piece of substrate (3.3 X 7.7 mm) was mounted on a standard PPMS sample puck. Four thin Cu wires (100 µm) were contacted to the superior surface of the CNT forest and were then connected to four contacts of the PPMS-puck. 
Results

Fig. 2 displays SEM images showing representative morphologies of CNxMWNT forests
synthesized by the modified CVD, using a NaCl (26.92 wt.%) aqueous solution in the trap. In Fig.  2a , the arrows point to broken CNxMWNTs with sharp tips and the squares enclose external nanoparticles deposited over the CNxMWNT surface, referred to as "lumps". Fig. 2b shows tiny CNxMWNTs emerging from thicker nanotubes which apparently were broken (noted as inner tips in Fig. 2a ); in addition, in Fig. 2b , some of these sharp tips are collapsed. A dramatic difference is evident when we compare the morphology of this sample with a control sample of CNxMWNTs synthesized using acetone in the residual bubbler. In this case, the carbon nanotubes are clean ( Fig.  3a) and have defined tubular shape (Fig. 3b) . The distribution of nanotube diameters for the sample produced with the typical CVD method (with the acetone-filled trap), is different from that resulting from CNxMWNTs synthesized with aqueous solution of NaCl in the trap, and the average diameter is also larger in the former case. In Fig. 3c , nanoparticles appear at the tip of the nanotube, which also displays a conical shape. The inner parts of these CNxMWNTs are typically empty (Fig. 3d) . Nanotubes grown with acetone-half-filled traps are typically bamboo-shaped, with wall compartments that range from very thin and almost undistinguishable (Fig. 3e) , to well-defined wall compartments of several graphitic layers (Fig. 3f) . Fig. 4 shows several HRTEM images of our defective CNxMWNTs, obtained using an aqueous solution of NaCl in a half-filled trap, focusing in on the encapsulated metal nanoparticles. Interestingly, the particles take different shapes such as spherical (Fig 4a), cylindrical (Fig. 4b) , deformed (Fig. 4c) , seed-type (Fig. 4d), oval (Fig 4e) and arrow-type (Fig. 4f) . Table 1 summarizes parameters such as size and frequency of the different morphologies. Fig. 4a shows the end of a broken CNxMWNT containing a spherical-shaped nanoparticle on the tip (22-nm diameter) . This particular type of nanoparticle (NP) represents ca. 13% in the sample (see Table 1 ). Fig. 4b presents an encapsulated metallic nanoparticle with cylindrical shape of approximately 40 nm length and 11-nm diameter. Cylindrical-shaped NPs account for approximately 28% of the NP sample (see Table  1 ). Another relatively abundant nanoparticle shape is the "deformed" morphology. These nanoparticles can be considered as the union of two nanoparticles (see Fig. 4c ). These nanoparticles might also result from cylindrical nanoparticles that experienced a necking process (see inset Fig.  4c ). Seed-type nanoparticles can also be formed inside the CNxMWNTs.
Regularly, these nanoparticles are wider than the CNxMWNT internal diameter (see Fig. 4d ). Apparently, these nanostructures can be formed by coalescence of several nanoparticles, but evidence for this process is still inconclusive. Nanoparticles are found in the core of the nanotubes, and oval-type nanoparticles are found on the walls, although in a lesser percentages than the others (see Fig. 4e ). As can be observed, particles appear between the walls of the graphitic layers, and voids can be observed next to the nanoparticle along the axis of the nanotube. This morphology might evidence the growth of an independent carbon nanotube, whose walls were formed with the walls of the initial CNxMWNT. These oval-type nanoparticles were most likely formed by the coalescence of small nanoparticles initially anchored to the CNxMWNT walls in certain stage of the synthesis. Finally, Fig. 4f presents an encapsulated metallic nanoparticle with an "arrow" morphology with an 8-nm thin structure at the one end and a triangular base in the other. The length of the nanoparticle shown here is 59 nm and the diameter of its base is ~20 nm. Such nanoparticles comprise only approximately 3% of the nanoparticles and may result from capillary filling of a small inner diameter nanotube section. Fig. 4 . High resolution transmission electron microscopy images of encapsulated metallic nanoparticles present in CNxMWNTs synthesized using a NaCl solution-filled trap. The inset in each image is a drawing that represents the shape of each corresponding nanoparticle. The shape of the nanoparticles can be (a) "spherical" nanoparticle at the tip of sharp broken CNxMWNTs, attached at the end of a long compartment; (b) "cylinder" type nanoparticles encapsulated in CNxMWNTs; (c) "deformed" nanoparticles which are encapsulated, (d) "seed"-like nanoparticle encapsulated within CNxMWNTs; (e) "oval" nanoparticles encased on the CNxMWNTs walls, most likely due to formation of twin carbon nanotubes; or (f) rare "arrow" encapsulated nanoparticles that display a sharp tip that fills a narrow core section of a nanotube. In addition, we also carefully analyzed nanoparticles with structure similar to the oval case. These nanoparticles are referred to as "nanolumps" in the literature. Similar to the oval-shaped case, they might result from catalytic metallic nanoclusters attached to the CNxMWNTs' surface during nanotube growth. However, nanolumps are not truly part of the carbon nanotubes, but they can instead be considered to be nanomaterial deposited on the CNxMWNT surface. Probably, they belong to the same scenario described for the oval-shaped nanoparticles discussed above. Seemingly, during the synthesis of CNxMWNTs, nanolumps can seed the growth of thin carbon nanotubes, if the oval case is not formed. These thin carbon nanotubes can be seen easily in Fig. 2 and Fig 3c. Typical dimensions of nanolumps range from 7 to 80 nm. Fig. 5a shows a representative "onion"-like nanolump. This nanostructure presents a spherical nanoparticle encapsulated by graphitic carbon layers. This onion lump has a diameter of ~11 nm; the encapsulated nanoparticle has a diameter of ~9 nm. Fig. 4b presents an "encrusted" nanolump. This type of nanolump is similar to the oval-shaped nanoparticles. However, in this case, the nanoparticle is closer to the inner core of the CNxMWNT, separated only by a few (three or four) graphitic layers. It can be seen that the nanotube shown in the upper half of the image is not the same as that shown in the lower half. The mechanism of formation of this particular morphology is not clearly understood but could result from a thin CNxMWNT whose growth was interrupted by an additional nanoparticle, i.e., the nanolump. Indeed, the nanoparticle shown at the top of the image and indicated by a white arrow could be the original catalytic nanoparticle responsible for the CNxMWNT growth. In a different case, the nanolump referred to as "oval" (Fig. 5c ) has 9x16 nm dimensions and is very similar to the oval-shaped nanoparticle shown in Fig. 4e . Nevertheless, a very important difference is that in the oval-shaped lump, the nanoparticle is not completely coated by carbon layers, which exposes the catalyst surface. This is a very important difference because this particle can generate metallic oxides upon exposure to air, affecting the magnetic properties.
Magnetic properties of CNxMWNTs synthesized with the typical acetone-filled trap were compared with the defective CNxMWNTs synthesized with the NaCl solution-filled trap and the magnetization measurements of both samples are shown in Fig. 6 . Comparing the Figs. 6a (acetone case) and 6b (NaCl case), a similar process of demagnetization can be observed in both samples. However, the coercive field at 2K in the acetone case (more than 0.2T) is slightly larger than the NaCl case (less than 0.2T). This difference could be associated with the heterogeneity of ferromagnetic nanoparticles when NaCl solution is used in the trap, as observed in HRTEM images (see Fig. 4 ). In particular, spherical and oval shaped particles could reduce the coercive field. For a specific temperature, the big differences between the saturation magnetization for the acetone case compared with the NaCl case (Fig. 6c ) could be associated with the combination of two possible scenarios: i) the chemical composition of encapsulated ferromagnetic nanoparticles; in the acetone case, pure iron or iron-carbide nanoparticles are the primary types found inside the CNxMWCNTs [26] , and in the case of the NaCl solution in the trap, it is probable that the ferromagnetic nanoparticles are contaminated, resulting in a reduction of pure iron content; ii) the morphologies of the ferromagnetic nanoparticles are different; the process of magnetization and demagnetization are strongly dependent upon the shape and size of the nanoparticles and the applied magnetic field direction [24, 27] . During the measurements, the magnetic field was applied in a direction perpendicular to the carbon nanotube. In this situation, the irregular shapes of smaller nanoparticles for the NaCl case could reduce the saturation magnetization due surface or finite size effects [28, 29] . A similar situation is observed in the remanence behavior (Fig. 6e) . With respect to the variation of these magnetic properties as the temperature changes, in both cases (acetone or NaCl in the trap), the saturation magnetization, coercivity and remanence are found to decrease almost linearly with increasing temperature. This linear decrease with T has been associated with the presence of anisotropy [29] or magnetoelastic effects combined with thermal fluctuations [30] . However, based on Mossbauer studies, it has been proposed that decreasing of coercive fields can be associated with a complicated distribution of phases in samples [31] . Other Mossbauer studies show that α-Fe is the predominant phase in double-wall carbon nanotubes [32] , but Reuther et al. show that the samples preparation method can result in the formation of several phases such as α-Fe, iron-carbide, or iron oxides [33] . In our case, a slightly different temperature dependence of coercivity is observed for the two cases presented. This difference could be attributed to the formation of superparamagnetic nanoparticles or oxide phases in the samples fabricated with NaCl solution in the trap. As seen in Fig. 6c and 6e, the decreasing of saturation magnetization or remanence is smaller as a function of temperature increase for the NaCl case compared with the acetone case. These small differences could be due to finite size effects which are very probably different for the cases considered [34] . Additional experimental evidence is needed to understand the difference in the saturation and remanence magnetic properties of both acetone and NaCl cases samples.
Finally, Fig. 7 shows the resistance behavior of both types of nanotubes. When acetone was used in the trap, the resulting CNxMWNTs showed semiconducting electronic transport with very large values of resistance at low temperatures (2K). However, CNxMWNTs fabricated with NaCl solution in the trap showed two different types of electronic-transport behavior: (i) at very low temperatures (below 20 K), the resistance increases when temperature decreases, and (ii) between 20 K and 300 K, their behavior is metallic-type. We proposed that contamination of the substrate where carbon nanotubes were grown is responsible of the morphologic transformation of carbon nanotubes and their interior nanoparticles. We have experimental evidence that trace quantities of Na from the trap liquid can travel to affect the CNxMWNT synthesis zone. This could explain the metallic transport at temperatures above 20K. Fig. 7 . Resistance behavior of CNxMWNTs synthesized with two different CVD set-ups. The black line corresponds to a sample synthesized with an acetone-filled trap, whereas the red line corresponds to the case of the NaCl solution-filled trap. The resistance in the first case shows typical semiconducting behavior. However, the sample prepared with the NaCl solution-filled trap shows metallic response above 20 K and semiconducting behavior at very low temperature.
Conclusions
We have synthesized CNxMWNTs with multiple types of defects by a simple modification of the CVD method, consisting in a change in the trap liquid. We observed changes in the CNxMWNTs that can be attributed to encapsulated nanoparticles that could affect the initial growth of carbon nanotubes and the following process of synthesis. Different shapes of nanoparticles were analyzed, and different CNxMWNTs morphologies were found to be associated with them. Based on experimental evidence, we have proposed that changes in morphology, growth and properties can be caused by trace amounts of Na deposited on the growth zone modifying the CNxMWNTs growth. The mass transport mechanism is still not completely understood, but it most likely is "gas backflow" from the trap. We observed no drastic differences in magnetization processes, but coercive fields, remanence and saturation of NaCl-trap results were smaller than in the case of the acetone trap.
